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Introduction
Catalysts have an enormous impact on the chemical industry and every-day applications, with the catalysis industry being the largest single economic activity today [1] . High catalytic activity induces either high productivity from relatively small reactors or mild operating conditions. Catalyst preparation is the secret to achieving the desired activity, selectivity and lifetime. The activity of solid catalysts is proportional to the active surface area per unit volume of catalyst. This consequently calls for small catalytic particles. The high reactivity of nanoparticles makes them good candidates for environmental catalysts for the treatment of automotive exhaust [2] . Preparation of large quantities of heterogeneous materials containing monodispersed nanoparticles is becoming one of the bottlenecks that hinder the development of industrial devices [3] . In most cases, the catalysts are being supported by a highly porous and thermally stable material, onto which the active species are being dispersed. The main purpose of a support is to achieve an optimal dispersion of the catalytically active component(s) and to stabilize it/them against sintering. The most rapid procedure to prepare catalysts of such type is to start from commercially available preshaped support materials of the desired size, shape, porosity and mechanical properties. Applying the active element finely on the support, leads to the final material. Alumina is a widely used support body since it is a hard material with an excellent chemical stability [4] . Pt is an ideal catalytic active material. The use of metalorganic complexes as precursors of supported metal catalysts provides an important way to prepare highly dispersed and selective catalysts [5] [6] [7] [8] [9] .
The present work deals with the preparation of a complex catalytic material for use in small catalytic systems. It consists of a commercially available metallic disk shaped preform of specific pore size and porosity. Alumina was deposited inside the pores via wet impregnation to increase the surface area and to serve as anchoring sites for the subsequent deposition of Pt particles. Platinum was deposited via forced metalorganic chemical vapour infiltration (F-MOCVI) in a hot-wall reactor, starting from platinum bis-acetylacetonate precursor, Pt(acac) 2 . The obtained catalytic material is finally being tested following the oxidation of carbon monoxide, a model reaction with high industrial interest.
Experimental procedure
The substrates consist of 1 mm thick and 19 mm diameter porous disks shown in Fig. 1 . They are commercialized by SOLEA SAS. Different copper and 316 stainless steel porous disks, whose pore size and porosity vary from 20 μm to 100 μm and 50% to 70% respectively, were used. Copper disks were used as substrate for the secondary ion mass spectrometry (SIMS) analysis because such analysis is difficult on the complex surface of the stainless steel porous substrates. Wherever the medium pore size is mentioned, it should be taken into consideration that micropores of significantly smaller size coexist.
Alumina deposition
In the first deposition step, the porous disks are immerged under vacuum in a 1 M boehmite (Disperal P2, Sasol, Gmbh) dispersion solution with addition of 10% alcohol. They are left to dry in air overnight and subsequently heated at 450°C for 4 h. The latter step allows the transformation of boehmite into alumina [10] . The weight of the deposited alumina was calculated by weight difference of the samples before and after the process. The overall surface of each porous disk and the efficiency of the alumina coating method were evaluated by Brunauer, Emett and Teller (BET) measurements with a Micrometritics ASAP2010M apparatus. At this stage, the catalytic activity of alumina-coated disks was measured considering the reaction of CO oxidation and was found to be close to zero. Taking into account (i) the non-negligible catalytic activity of as received Cu disks; (ii) the fact that pressure drop through the substrate during CVI remains unchanged and (iii) cross-section SEM observations, it is concluded that the substrate had been completely covered without significant pores blocking.
Platinum deposition
In the second deposition step, a hot-wall CVD reactor, depicted in Fig. 2 was used for the deposition of Pt particles inside the pores of the preforms. Pt(acac) 2 (Acros Organics), a solid, air-stable and cost effective precursor was heated at ca. 155°C under N 2 flow and 50 Torr in the low temperature section of the reactor. The formed vapours were driven through a quartz tube at the end of which the porous disk was glued with a Ceramobond 596 paste-like glue. In this way the gases passed through the open porosity where Pt deposition was obtained by heating the disk at 390°C. Flat samples of the same material as the porous disk (stainless steel or copper) were positioned shortly before and after the porous disk. Visual observation and X-ray photoelectron spectrometry (XPS) analyses on the flat samples were used as indication for the deposition of Pt inside the pores of the substrate. After the deposition step, the reactor was left to cool under N 2 flow; then the disk was torn off the quartz tube. Because alumina paste had inevitably infiltrated radially some of the pores, a weight measurement to establish the weight of the deposited Pt was not used. Instead, Pt concentration was measured by Inductively Coupled PlasmaAtomic Emission Spectrometry (ICP-AES).
The evaluation of the catalytic activity of the disk was realized through the CO oxidation reaction with 1% CO and 0.66% O 2 in Ar (total flow rate 110 cm 3 /min). A detailed description of the procedure will be presented in a forthcoming paper. The disk was then examined by scanning electron microscopy (SEM) with a LEO 435 VP and a field emission gun JEOL JSM6700F apparatuses, both equipped with X-ray energy dispersive spectroscopy (EDS) analyzers. Transmission electron microscopy (TEM) imaging was performed with a Jeol JEM-2010 microscope operating at 200 kV equipped with a Tracor EDS analyzer. TEM analysis was used to examine the Pt particles size and distribution. SIMS was performed with a CAMECA IMS4F6 apparatus for the cross-section elements mapping.
Results and discussion
Alumina deposition leads to the increase of the specific surface area of the porous stainless steel preform from ca. 1 m 2 /g up to 15 m 2 /g. Although this is a substantial increase, it reveals that an alumina film deposited on a complex microporous surface provides lower specific surface area than that a whole alumina preform can reach, which is up to 150 m 2 /g and sometimes 300 m 2 / g [11, 12] . The weight of the deposited alumina is less than 0.02 g in all cases. Fig. 3 presents a SEM micrograph of the cross-section of stainless steel porous disk (100 μm pore size, 70% porosity) after wet impregnation of alumina film. It can be observed that the pores remain open. This result, combined with systematic detection of the aluminium element by EDX indicates deposition of a uniform alumina coating.
SIMS observation of the infiltrated alumina and Pt is more convenient on copper than on stainless steel preforms due to the numerous peaks and possible interferences for the latter. For this reason, similar copper samples (100 μm pore size, 70% porosity) as the stainless steel ones were impregnated with alumina and subsequently processed by F-MOCVI for the deposition of Pt nanoparticles. Fig. 4 depicts the cross-section of such a disk. Pt deposition was performed in the previously mentioned conditions for 60 min. Homogeneous coverage of the surface of the pores with alumina can be observed, confirming the SEM/EDX observations. In contrast, Pt distribution is uneven over the cross-section, deposition being mainly located near the gas entrance surface. These results were confirmed by SEM/EDX analysis which revealed that Pt existed over a significant percentage of the whole area of the cross-section, but was absent at the exit side of the disk, while alumina was present everywhere. Decreasing deposition temperature and consequently the growth rate did not allow improvement of the distribution of Pt due to the autocatalytic behaviour of Pt deposition.
A stainless steel disk of identical geometrical characteristics as those of the copper disk was processed in the same conditions for the deposition of alumina and Pt. Its specific surface area was measured after the alumina deposition and was found to be 5 m 2 /g. The sample was tested for its catalytic activity with regard to the oxidation of CO. An exceptionally high value of 4.5 Pt wt.% was found, possibly due to stream lines pattern prior the substrate, leading to the enhanced growth rate at the central part of the disk. Fig. 5 presents a FEG SEM micrograph of the central part of the disk. Pt nanoparticles, illustrated as bright white spots can be observed over an evenly distributed alumina layer. EDX analysis of this area reveals intense Pt peaks. Observation of areas at the extreme periphery of the disk and corresponding EDX analysis do not reveal the presence of Pt. It is concluded that Pt radial distribution on the disk is not uniform, its central area being richer in Pt than its periphery. Fig. 6 presents a bright field TEM micrograph of the central part of this sample. Numerous Pt nanoparticles are shown whose maximum size is approximately 20 nm. This value is compatible with the one observed in Fig. 5 and with that reported by other researchers [13] .
In order to decrease the Pt loading of the disks, a stainless steel porous disk with 70% porosity and 60 μm mean pores size was processed in the same conditions but with a 10 min instead of 60 min for the F-MOCVI of Pt. The weight of the wet impregnated alumina was found to be 0.0112 g yielding a specific surface area of this porous disk 15 m 2 /g. The resulting Pt concentration was determined to be ∼ 0.3 wt.%; i.e. significantly lower than that of the previous sample. Pt was traced in the cross-section of the pores by FEG SEM, but no nanoparticles were visible as shown in the FEG SEM micrograph of Fig. 7 where only the alumina film can be observed. However, EDX analysis revealed intense Pt peaks as for the previous sample, indicating the extremely dispersed nanostructure of Pt.
The catalytic activity of the coated disks was investigated through the CO to CO 2 conversion. Tests performed as a function of temperature on the two mentioned stainless steel disks and on asdelivered stainless steel disks and on alumina-coated ones. Both latter samples show no catalytic activity. The two Pt loaded samples show similar catalytic behaviour with T50 (50% conversion temperature) values 209°C and 203°C for the heavily and lightly loaded sample, respectively. This temperature is common for such catalysts, similar activity being reported by other researchers who have produced Pt/Al 2 O 3 catalysts by various methods such as CVD or wet impregnation [11, 12, [14] [15] [16] . The comparable behaviour of the two samples despite their different Pt loading is attributed to the size of the Pt nanoparticles. High Pt loading corresponds to large Pt Fig. 7 . FEG SEM micrograph of stainless steel preform coated with alumina and Pt nanoparticles of reduced size. The Pt particles cannot be seen, but EDX analysis of the illustrated area reveals intense Pt peaks. particles, while lower Pt loading corresponds to more finely dispersed Pt nuclei. These two different configurations may ultimately result in comparable active surface sites.
Conclusions
Catalytic materials were prepared starting from commercially available porous disk shaped performs. Alumina was first deposited by wet impregnation, a convenient and time efficient technique yielding a homogeneous distributed coating on the entire surface of the pores. The alumina films induced a 5 to 15 fold increase of the specific surface area of the disks. They also created appropriate anchoring sites for the subsequent Pt particles deposition. This was performed by means of forced metalorganic chemical vapour infiltration starting from Pt(acac) 2 , an air-stable and cost effective precursor. Pt concentration is higher at the entrance side of the disk and at its central part. The size of Pt nanoparticles was kept under 20 nm. Shorter Pt deposition time on higher specific surface alumina yields lower and more finely dispersed Pt loading of the disks. The catalytic activity of the processed samples was evaluated by using the model through a technologically interesting reaction of CO oxidation staring from an O 2 to CO ratio equal to 0.66. The T 50 was found to be slightly above 200°C. It is expected that the increase of the specific surface area of the alumina coating will allow more finely dispersed (and consequently more efficient) Pt deposition and ultimately improvement of the catalytic performance of this material.
